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Photograph 1     A CGEM 
site at the CO2CRC Otway 
Victoria, Australia. 
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Abstract 
Atmospheric carbon dioxide (CO2) monitoring for public assurance purposes at CO2 geological storage sites is 
anticipated to be a regulatory requirement in Australia, the European Union, and the USA.  Nil CO2 atmospheric 
monitoring at geological storage sites is a carbon capture and storage “show-stopper”. Methods and instrument 
specifications are not yet fully determined but existing and emerging technologies are being evaluated. A network of 
several cost-effective calibrated industrial CO2 observation stations is sufficient to ensure coverage of areas of interest 
to ensure that CO2 concentrations in specific areas do not exceed established safe limits. Multiple spatially distributed 
CO2 gas concentration measurement surveys at different times of the day, different seasons and years, best represents 
the base-line CO2 variability of a geological storage site for environmental monitoring purposes. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The fundamental, underlying issue in near-ground carbon dioxide capture and storage 
(CCS) atmospheric monitoring is to ensure that there are no hazardous gas concentrations 
introduced by carbon dioxide (CO2) geological storage operations at a site. If a diffuse CO2 
seepage to the atmosphere were to occur in low-lying areas with little wind, humans and 
animals may be harmed if a leak were to go undetected. 
Detecting anomalous CO2 seepage remains challenging. CO2 concentrations vary 
minute by minute, hour by hour, day by day, and season by season, and with height above 
ground level (AGL).  One single atmospheric CO2 observation site is limited in 
representing the area around a geological storage site due to the large variability in 
sources, topography, and other environmental factors. 
However, the in situ measurement of CO2 gas at near 
ground level provides factual information admissible as 
evidence in environmental courts of law as representation 
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Figure 1   One month of data shows the 
large daily variation of CO2 at the two 
sites at CO2CRC Otway Project site.  
Figure 2    Soil CO2 flux measured at CO2CRC Otway 
Project site at CGEM Site 1.  
of local CO2 conditions in time and space. The spatial CO2 measurements replicated in time provides 
valuable comparative factual records. Time lapse atmospheric gas measurement in a defined area may be 
used to establish the baseline variability of CO2 concentrations due to natural and anthropogenic sources 
for the specific location especially over an extended series of seasons to become an aid to the identification 
of anomalous CO2 concentrations. Spatially separated CO2 gas concentrations measurements acquired at 
regular time intervals provides a more accurate representation of CO2 concentrations over a specifically 
defined site than that provided by a single point measurement in conjunction with gas transport models.  
2. Atmospheric CO2 Measurement Variability 
CanSyd Australia has developed a remote, unattended, 
self-powered system with back-to-base communications for 
continuous measurement and reporting of atmospheric CO2 
and soil CO2 flux for deployment at CO2 sequestration sites 
for the purpose of public assurance monitoring.  
The CanSyd Australia CGEM system (Carbon Gas 
Environmental Monitor pronounced “see gem”) records 
atmospheric CO2 concentrations 24/7 at 5 minute intervals. 
The continuous CO2 record is suitable for verifying that 
concentrations have not exceeded safe limits in the vicinity of 
the sensor. The low powered, cost effective sensors are being 
refined to be suitable for long-term monitoring of absolute 
concentration for periods spanning a few years. Current work 
has been aimed at better characterisation of the sensors, with 
the prospect of attaining 1ppm precision and an annual drift of 
under 2ppm. Three CGEM installations are located at the 
CO2CRC Otway geological storage site at Nirranda South, 
Victoria, and one at Sutton, NSW, (near Canberra). These 
installations have been in operation for over two years and 
have demonstrated continuous, unattended operations and 
measurement of atmospheric CO2 and 
soil CO2 flux.  
Continuous atmospheric CO2 
measurements at a fixed point can be 
used to establish the typical variability 
(natural and anthropogenic) of CO2 at 
that geographical location for the 
prevailing climatic conditions.  
Atmospheric CO2 varies with local 
environmental conditions including plant 
types, extent of biomass coverage, 
sunlight, air temperature, rainfall, wind, 
and anthropogenic sources.  
Differing environmental conditions at 
two distinct CGEM locations, 1.3 metres 
AGL and 600 metres apart, result in 
significantly different observed CO2 
concentrations. Figure 1 shows the 
variation in CO2 gas concentrations, and 
calculated residual difference, observed at 
over 30ppm.  
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Figure 3    Spatial Survey at CO2CRC Otway 
area at 3pm Thursday 20 May 2010. 
An array of wireless, fixed atmospheric CO2 mini-loggers, in the order of 5 to 50 in number, linked to 
the local CGEM hub can provide a 24/7 spatial array CO2 data set of a specific area of interest. A single 
point 24/7 sensor will only provide the range of readings observable at a site sufficient to represent the 
average ambient baseline range of CO2 concentrations and natural atmospheric variability.  
The CGEM soil CO2 flux measurements are produced at 3 hour intervals by a permanent fixture at a 
depth of 1.3 metres below ground level. A network of several continuous CO2 soil gas monitoring systems 
will provide a long-term record of natural CO2 flux variation in a specifically targeted area.  Figure 2 
represents the soil CO2 flux calculated from flux chamber measurements at the CO2CRC Otway project 
site . The flux immediately after installation is initially ~0.8gCO2/m²/h, dropping around mid July 2008 as 
a perched water table saturates the soil and gas diffusion is inhibited, and then recovering again to 
~0.3gCO2/m²/h. 
[1]
 
The CGEM soil flux calculations over the site at 3 locations show that soil flux varies widely from site 
to site, ranging from about 0.005g/m
2
/hour to over 0.8g/m
2
/hour. The precision of the measurements are 
typically better than 0.004g/m
2
/hour and the range of flux which can be measured spans the typical range 
of biogenetic flux and beyond, making the system suitable for detection of CO2 fluxes which are above 
typical biological values. The flux chamber can detect elevated flux levels long before visual surface 
expressions such as vegetation scarring occurs. 
CO2 soil flux between 1.6 x10ˉ¹ and 2.3 x10ˉ¹ gCO2/m²/hr is equivalent to ~176kg per hectare per day, 
or 6,400 metric tonnes per square kilometre per year, or ~81,000 tonnes per year in a 2 kilometre radial 
area. 
Spatial Mapping Surveys with CO2 Mini-Logger  
The dynamic variability of CO2 gas measurements in time and space led CanSyd Australia to develop a 
CO2 mini-logger to measure atmospheric CO2 spatially at 5ppm  precision at one second intervals. The 
compact logger weighs 700g including power source and sensor. The data stream includes GPS 
coordinates, GPS time clock, atmospheric pressure, temperature and humidity. High spatial resolution CO2 
measurements show the in situ variability and CO2 concentration patterns at different times of the day in a 
spatially presented mapping format.  
Three demonstration CO2 surveys were undertaken at the CO2CRC Otway Project site area in May 
2010 measuring CO2 gas concentrations as observed along road alignments surrounding the geological 
storage site. Spatially distributed CO2 measurements were taken at car window level, 1.3m AGL, mid-
afternoon and pre-dawn. Few to no vehicles were 
encountered during the surveys. 
Each survey acquired over 1,800 spatially 
registered CO2 gas measurements. The summary 
Figures 3, 4 and 5 display as few as 70 
measurements along the survey alignment to 
represent the range of 1,800 CO2 measurements.    
Adjacent to the road alignment Otway survey 
are three CGEM sites located near the injection and 
monitoring wells. The meteorological 
measurements at the three CGEM sites at the time 
of survey provide reference atmospheric pressure, 
temperature, wind speed and wind direction 
measurements as shown in Tables 1, 2 and 3.  
(CGEM site 1 is located at  38° 31' 45.52"S,  142° 
48' 7.33"E). The lineal length of each survey was 
approximately 21km within a 3.5km by 3.5km 
area. 
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Figure 4     Spatial Survey at CO2CRC Otway at 
6.30am Friday 21May 2010. 
Figure 5      Spatial Survey at CO2CRC Otway at 
5.50am Saturday 22 May 2010 
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14:55 1014.6 14.45 4.4 96° 
15:00 1014.6 14.45 4.3 95° 
15:05 1014.6 14.65 4.2 104° 
15:10 1014.6 14.35 4.0 110° 
15:15 1014.6 14.25 4.0 116° 
15:20 1014.6 14.25 3.9 113° 
Ave. 1014.6 14.40 4.1 106° 
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06:30 1016.8 9.35 5.0 68° 
06:35 1016.7 9.15 4.9 66° 
06:40 1016.8 8.95 4.8 66° 
06:45 1016.8 8.85 4.4 67° 
06:50 1016.8 8.75 4.1 68° 
06:55 1016.9 8.45 4.0 68° 
Ave. 1016.8 8.92 4.5 67° 
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05:50 1016.3 3.45 4.6 61° 
05:55 1016.3 3.75 5.4 59° 
06:00 1016.3 3.65 4.4 54° 
06:05 1016.2 3.65 4.5 51° 
06:10 1016.2 3.65 4.3 57° 
06:15 1016.2 3.85 4.5 49° 
Ave. 1016.2 3.67 4.6 55° 
 
Table 1    CGEM Meteorological 
conditions 3pm (AEST) 
Thursday 20 May 2010 
Table 2    CGEM Meteorological 
conditions 6.30am (AEST) 
Friday 21 May 2010 
Table 3    CGEM Meteorological 
conditions  6am (AEST) 
Saturday 22 May 2010 
 
 
The 3pm survey on 20 May was undertaken in clear, calm, sunny conditions, temperature at 14°C  and a 
wind speed registering 4m/s from the east at the CO2CRC Otway Project site CGEM sites. The variation in 
CO2 readings range from 379ppm to 438ppm as shown in Figure 3.  
The two pre-dawn surveys on the 21 and 22 May (see Figures 4 and 5) show higher concentrations up to 
1,676ppm. On the 21 May (Figure 5) the CO2 mini-logger atmospheric spatial survey encountered fog 
conditions and one or two cars travelling on the road emitting CO2.  On 22 May (Figure 5) no fog patch 
conditions were encountered during the survey.  
Multiple spatial surveys at different times of the day, different seasons and years, best represents the 
base-line observed concentrations of a geological site for environmental monitoring purposes.  
The repeat spatial surveys also become CO2 gas concentration thematic map compilations and serve as 
data archives to:  
1. provide specific information about a specific location in time and space;  
2. provide general information about spatial patterns; and thirdly; and 
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Photograph 2   Mini-civil-UAV 
platform demonstrator. 
Figure 6    Time of maximum concentration CO2 
concentration measured at several distances AGL over 
crop and grazing land. 
[2]
  
3. compare CO2 gas concentration measurement patterns from two or more surveys. 
 
Natural biogenetic CO2 accumulations concentrate to maximum levels 2 to 3 hours pre-dawn in still air 
conditions. To observe maximum near-
ground CO2 gas accumulations, pre-dawn 
surveys are best. After sunrise CO2 
efficiently disperses into the atmosphere.  
Figure 6 illustrates the CO2 
concentration measured at several heights 
AGL over crop and grazing land over a 
period of one day. The CO2 FTIR 
measurements from a 22 metres tower over 
a one day period show the variability of 
CO2 concentration with time of day and 
height above ground.
[2]
  The maximum 
concentration of CO2 emissions are seen in 
the pre-dawn period, with the minimum 
CO2 levels seen in the early afternoon. The 
greatest variation of CO2 level with height is 
seen during the night time period.  
Accumulations of CO2 concentrations 
within 2 metres AGL, particularly in low 
lying areas, and in low wind conditions, 
may pose a hazard to humans and animals. Methodologies for sampling spatially diffuse CO2 
concentrations at less than 5 metres AGL may best detect concentration anomalies. 
3. Airborne Platform Mini-Civil-UAV 
CO2 gas concentration measurements acquisitioned from a low 
flying airborne platform may detect localised CO2 pooling 
anomalies in the context of multiple surveys repeated at regular 
time intervals. Repeat airborne surveys flown on set grid patterns at 
similar times, altitudes and seasons build data sets for thematic 
comparative spatial map studies. 
CanSyd Australia has developed a compact system for 
measuring CO2 along the flight track in a small, unmanned light 
aircraft or Mini-civil-UAV platform. The spatial distribution of 
atmospheric CO2 concentration measured on-site at altitudes lower 
than 50 metres from ground surface provide a spatial “snap-shot” 
of actual site conditions at the flown altitude AGL. It can be 
anticipated that precision spatial CO2 measurements will capture 
the high spatial variability in atmospheric CO2 influenced by topographical relief, natural and 
anthropogenic sources, cold air drift, near-ground atmospheric stratification, and wind direction.  
The CanSyd Australia demonstration flight results of 16 November 2009 as plotted in Figure 7, show 
the degree of variability in CO2 measurements at 6:45am AEST (7.45am local daylight saving time), less 
than 2 hours after sunrise. 
CO2 measurements at 30 metres above ground level and at 30 metres lineal spacing and 30 metres flight 
path spacing, from a Mini-civil-UAV platform, can provide wide square kilometre coverage over 
geological storage sites. Multiple, repeat, time lapsed, aerially acquisitioned CO2 concentration maps will 
assist in spatially defining the location and shape of existing CO2 emission plumes and CO2 concentration 
anomalies. 
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Figure 7    Spatial Survey at CO2CRC Otway 
Project site. 
However, as CO2 mixing increases 
with height, the Mini-civil-UAV 
platform must fly low. Airborne surveys 
in remote Australian outback locations 
may be as low as 20 metres AGL. 
Lower flight altitudes are preferred due 
to the expected higher concentrations as 
the sensor passes closer to the CO2 
source. 
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